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Background  Pulmonary arterial hypertension (PAH) is a chronic disease affecting :
the pulmonary vasculature and right ventricular (RV) function, leading to right heart 
failure (RHF). Effective management of RHF in PAH patients is critical due to its 
impact on prognosis and survival.

Objective  To evaluate the current knowledge on RV pathobiology in PAH and :
highlight the importance of managing RHF in these patients.

Methodology  A comprehensive review of existing literature was conducted, :
focusing on RV function, adaptive and maladaptive remodeling, clinical 
presentation, prognostic indicators, and therapeutic strategies for RHF in PAH. Key 
sources included peer-reviewed journals, clinical trials, and expert guidelines.

Results  The review indicates that RV dysfunction in PAH is characterized by :
adaptive and maladaptive remodeling, leading to progressive RHF. Clinical 
indicators of RHF include elevated systemic venous pressure, fluid retention, and 
exercise limitation. Prognostic factors such as RV ejection fraction, tricuspid annular 
plane systolic excursion, and cardiac biomarkers are crucial for outcome prediction. 
Current therapies focus on pulmonary vasodilation and targeted RV treatment, with 
potential benefits from metabolic regulation and novel interventions.

Conclusion Effective management of right heart failure in pulmonary arterial : 
hypertension patients is crucial for improving prognosis and survival. Understanding 
the pathobiology of right ventricular dysfunction and its clinical implications can 
guide the development of targeted therapies. Future research should focus on novel 
treatment strategies and metabolic regulation to optimize patient outcomes in PAH-
associated RHF.

Keywords  Pulmonary Arterial Hypertension; Right Ventricular Dysfunction; Right :
Heart Failure; RV Remodeling
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Introduction

he long-term illness known as pulmonary arterial Thypertension (PAH) affects the heart and the 
pulmonary blood arteries. Right ventricular (RV) 

function plays a major role in the survival of patients, 
although firstly PAH primarily impacts the pulmonary 

1-6vasculature.  The right ventricle thickens and becomes 
7-19more contractile in order to handle the extra afterload.  

The majority of people eventually acquire RV dysfunction 
in spite of these adjustments. This article highlights the 
data in favor of managing right heart failure (RHF) in 
patients with PAH and analyzes the state of knowledge 
on RV pathobiology in PAH. Additionally, it talks on the 
priority for subsequent RV studies regarding PAH. The 
emphasis is on RHF in relation to PAH, but it's also 
critical to remember that RV function plays a significant 
role in predicting outcomes for individuals with 
congenital heart disease, severe lung disease, and left-

20 sided heart failure.
In those who have PAH, right heart failure (RHF) is a 
complicated clinical condition marked by raised 
systemic venous pressure during exercising or at rest as 
a result of raised right ventricular (RV) afterload, as well 
as insufficient blood supply. Retention of fluid and 
restriction of exercise are the main clinical indicators of 
RHF. Workout restriction is the first and most indicative 

8,14,21characteristic of refractory heart failure (RHF).  It is 
22-24associated with a reduced peak cardiac index,  or 

diminished flow reserve during physical activity. 
Decreased peripheral blood flow can raise the release of 
lactate, which exacerbates muscular exhaustion and 
limits exercising. Surviving a supraventricular tachyca-
rdia can also be a problem for 12% of individuals with 
PAH or incurable thromboembolic pulmonary hyperten-
sion, worsening their clinical status and limiting their 

25ability to workout.  Even though it is less frequent, 
fainting indicates serious flow reserve constraints. Like 

26left-sided heart failure, RHF can lead to hyponatremia  
and persistent kidney damage. According to findings by 

27Shah and colleagues , people with PAH who have 
persistent kidney disease have higher right atrial 
pressure, a higher chance of dying or requiring a 
transplant. Bad outcomes after acute RHF are also 

28linked to acute renal damage.  Although PAH and RHF 
patients commonly experience congestive hepatopathy, 
cirrhosis develops as a late-stage consequence of 
severe RHF.

Clinical Presentation and Prognosis of 
Acute Right Heart Failure in PAH

Acute heart failure episodes are another possibility for 
individuals with PAH. According to recent research, the 
short-term death rate for individuals with PAH who 
require hospitalization due to acute right heart failure 

29-32(RHF) can reach up to 40%.  A lower percentage of 
patients with acute RHF will come with low cardiac output 
syndrome, necessitating inotropic or vasopressor support, 
even if the majority are hospitalized for congestive 

29,30symptoms necessitating treatment with diuretics.  The 
primary cause mortality for patients with PAH is progre-
ssive RHF, however unexpected, abrupt mortality is also 
possible. In research by Hoeper and colleagues, 17% of 
cardiac arrests in which resuscitation was tried were due to 

 abrupt death. First ECGs revealed bradycardia in 45 
percent of those who suffered cardiopulmonary arrest, 
electromechanical dissociation in 28%, asystole in 15%, 
ventricular fibrillation in 8%, and abnormal rhythms in 4% 

33of patients.
The four phases of chronic left heart failure are usually 
identified as follows: stage A is at risk of heart failure, stage 
B is asymptomatic heart dysfunction, stage C is sympto-
matic heart failure, and stage D is end-stage heart failure. 
Although numerous individuals with advanced RHF (stage 
D) have a chance for reverse remodeling after lung 
transplantation, this classification could be applicable to 

34these patients.  Furthermore, despite the fact that the left 
and right ventricles are frequently seen as separate 
entities, they are actually linked by the pericardium, shared 
myocardial fibers, and the interventricular septum. Due to 
this ventricular dependency, people who have RHF often 
have anomalies in the left ventricle's relaxation and, in 
cases of greater severity, left ventricular systolic 

2,20,35dysfunction.  Additionally, electrophysiological change 
in the left ventricle has been addressed by a recent 

36 investigation.

Pathobiology of Right Heart Failure Syndrome 
in Pulmonary Arterial Hypertension

The complex procedure of right ventricular '(RV) remode-
lling' in patients with pulmonary arterial hypertension (PAH) 
is impacted by the degree of pulmonary vascular disease 
as well as the interplay among myocardial metabolism, 
coronary perfusion, and neurohormonal activation. (Figure 

6,20,37-451)  The pace and duration of pulmonary hypertension 
start, its root causes, and possibly genetic and epigenetic 
variables all have an impact on RV adaptability.
Adaptive and maladaptive remodelling are the two forms of 
ventricular remodelling that are frequently distinguished in 
experimental studies using morphometric and molecular 
characteristics. Adaptive remodelling, shown in diseases 
such as Eisenmenger syndrome, entails increased 
concentric hypertrophy with a higher mass-to-volume ratio 
and retained systolic and diastolic function. On the other 
hand, maladaptive remodelling, which is typical of 'PAH 
associated with connective tissue illnesses or idiopathic 
PAH', is characterized by eccentric hypertrophy, which 

9,46results in poor systolic and diastolic performance.  
Tricuspid regurgitation, which frequently results from 
annular dilatation, can impair flow reserve and cause 
unfavourable ventricular remodelling. Furthermore, those 
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who have maladaptive remodelling and severe RHF are 
more likely to exhibit right-to-left shunting via a patent 

47foramen ovale.
According to recent studies, significant dysfunction and 
maladaptive remodelling are indicated by RV dyssync-

48-54hrony.  In PAH, late systolic leftward septal movement 
results from the 'RV free wall continuing to contract while 
the left ventricle' approaches early diastole. Mechanically 
stressed myocytes lengthen their contraction time and 
action potential, which exacerbates dyssynchrony 
between the left and right ventricles. A worse prognosis is 
linked to this dyssynchrony, which intensifies with RV wall 

55stress.

Ventricular Remodelling Under Pressure 
Overload

There are a few significant variations between how 
pressure overload affects the ventricles on the right and 
left side. Comparing to 'the pressure-overloaded left 
ventricle, which develops in situations like systemic 
hypertension or aortic stenosis', ventricular enlargement 
happens significantly earlier in PAH. This is partially 
caused by the narrower RV wall, which results in raised RV 

56-59wall stress for a given pressure rise.  Furthermore, 
under pressure overload, fibrosis in the RV is much less 
widespread; it usually affects less than '10% of the 
ventricular volume and is frequently limited to the RV-
septal insertion' sites. Individuals with significant 
systemic hypertension or aortic stenosis, on the other 
hand, have more extensive myocardial fibrosis. Although 
the 'right ventricular ejection fraction (RVEF) is 

60-63significantly reduced at the time of transplantation',  
numerous individuals with severe RHF can regain RV 
function due to this minimal fibrosis in PAH. Investigation 
is still ongoing to determine which individuals could 

benefit from heart-lung transplantation while others are 
64unlikely to regain RV function after transplantation.

The Concept of Ventriculoarterial Coupling 
and the Cardiopulmonary Unit in PAH

The right side of the heart and the blood vessels in the 
lungs should be seen as a single cardiovascular unit 
instead of as two distinct organs, according to recent PAH 

5study.  This viewpoint is important from a physiological 
and therapeutic standpoint. Research has indicated that 
the capacity of the RV to improve its contractility in 
reaction to elevated afterload is essential for RV adapta-

43,65tion to PAH.  The most reliable metric of "ventriculoa-
rterial coupling" is the ratio of ventricular elastance to 
arterial elastance, which characterizes the link between 
ventricular contractility and afterload. It is thought that the 
ideal ratio for the RV is likewise among 1.5 and 2.0, 
showing a balance between RV mechanical labor and 
usage of oxygen, even though this idea is mostly taken 

5,43,66from investigations on the left ventricle.  However 
enhanced RV myocardial contractility, Kuehne and 
colleagues showed a relationship between impaired RV 
pump function and persistent RV pressure overload in 
PAH. Poorer ventriculoarterial coupling between individ-
uals with scleroderma-associated PAH compared to 
those with idiopathic PAH with equal afterload has been 
validated by additional research employing ventriculo-

67arterial measurements.

Clinical Estimation of Right Ventricular 
Afterload

Basic measurements including arterial elastance, 
'pulmonary vascular resistance, and pulmonary arterial 
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compliance are used' in clinical settings to evaluate RV 
afterload. While pulmonary vascular resistance and 
pulmonary artery compliance characterize the 'resistive 
and pulsatile loads of the pulmonary circulation, 
respectively, arterial elastance is an indicator of afterload 
during pressure-volume loop analysis'. These elements 
are essential to comprehending the right ventricle's 
function. Research shows that the pulsatile component 
makes up the remaining 23% of the overall hydraulic RV 
power, with the resistive component making up around 

6877% of the entirety.  Because of the peculiarities of the 
pulmonary circulation in comparison to the systemic 
circulation, this distribution is comparatively consistent.
Resistance and compliance are negatively correlated 
during treatment and over time in the pulmonary circula-
tion. For the same reason, total compliance is also 
influenced by the pulmonary system's resistive vessels. 

69,70(Figure 2)  On the contrary, the pulsatile load relative to 
the resistive load can be raised by elevated pulmonary 
capillary wedge pressure, which can lower the resistance-
compliance time constant in the pulmonary system and 

71-72increase the net RV afterload.

Comprehensive Understanding of Right 
Ventricular Afterload

Conventional afterload indices are helpful in clinical 
settings, but a more physiologic definition would take into 
account all the variables that affect the stress on the 
myocardium during systole. This comprises the wall 
thickness, ventricular geometry, chamber expansion, and 
ventricular pressure. Furthermore, by offering a different, 
less resistive channel, conditions like tricuspid regurgi-
tation and right-to-left shunting (via a patent foramen 
ovale, septal defect, or atrial septostomy) can lessen 

73-75afterload.  Creating thorough afterload models could 
improve our ability to forecast how right heart failure (RHF) 

will advance. The present emphasis of investigations 
focuses on biophysical models that provide novel insights 
into the cardiac adaptation to pulmonary arterial hypert-
ension (PAH) by connecting local cardiac myofiber 

76,77mechanics to global cardiovascular dynamics.  The 
elements causing passive end-diastolic ventricular wall 
stress are referred to as pre-load. In treating individuals 
who have acute RHF, optimal pre-load improves cardiac 
output without significantly impairing renal function or 

27generating systemic congestion.

Myocardial Metabolism and Inflammation in 
Right Heart Failure

Myocardial metabolism changes in right heart failure 
(RHF) from fatty acid oxidation to glycolysis. As glycolysis 
uses a smaller amount of oxygen than fatty acid oxidation, 
this metabolic transition is believed to be a defense 
mechanism. This alteration aids the overworked heart in 

78-79meeting the heightened demands on metabolism.  Yet, 
the shift from compensatory right ventricular (RV) hypertr-
ophy to maladaptive remodelling might be facilitated by 
lowered activity of the mitochondria, which results in a 

80shift from aerobic to anaerobic metabolism.
Vascular endothelial growth factor (VEGF) signals can be 
compromised by inadequate capillary network adapt-
ation, which can lead to myocardial ischemia and impede 
the hypertrophic response. Heart failure is further exacer-
bated by diminished ventricular compliance, which is a 
result of increasing myocardial fibrosis seen in RV 

81-85collapse.
The function of inflammation in the right ventricle, which is 
overwhelmed with pressure, is highlighted by recent 
study. Research on both humans and animals has shown 
that during acute elevations in afterload, neutrophils 
infiltrate the RV myocardium, but macrophages appear 
more pronounced during gradual remodelling in chronic 
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86-92pulmonary hypertension.  The involvement of leukotri-
enes, T-regulatory cells, and macrophages in the deve-
lopment of RHF among those with pulmonary arterial 
hypertension (PAH) are being investigated in a current 

93-97study.

Evaluation of Right Heart Size and Function: 
From Resting Parameters to Dynamic 
Evaluation

When it comes to treating patients with pulmonary arterial 
hypertension (PAH), evaluating the right heart is essen-

98 tial. The best possible technique for assessing right 
ventricular (RV) mass, volume, and ejection fraction 
(RVEF) is magnetic resonance imaging (MRI), even though 
echocardiography is still the principal instrument used in 
clinical settings. Moreover, regurgitant volumes can be 
measured, focal scar tissue can be found using delayed 
improvement, myocardial strain, coronary perfusion, and 

98pulmonary pulsatility can all be evaluated with MRI.  PET 
is used in research settings to examine lung and RV 
metabolism as well as to image apoptosis in specialist 
facilities. When evaluating ventriculoarterial coupling and 
quantifying ventricular and arterial elastance, conduc-
tance catheterization is thought to be the gold-standard 

5,43method.
A comprehensive overview of normal echocardiographic 
readings for the right heart may be found at the American 

99Society of Echocardiography.  According to the instruct-
ions, current echocardiographic references that have 
been modified for gender, ethnicity, and age are 

100essential.  Based on these characteristics, normative 
equations for RV mass and systolic function have been 
constructed by the Multi-Ethnic Study of Atherosclerosis 
(MESA), which has a group of 4,204 individuals. Research 

100conducted by Kawut and colleagues  has demonstrated 
that seniority and female sex are linked to higher RVEF, 
whereas a lower age, male sex, and Hispanic ethnicity 
usually correspond with larger RV mass.
Lately, studies have concentrated on dynamic measure-
ments of the pulmonary circulation and right heart. These 
involve the RV reserve, which is usually measured by peak 
RVEF, peak stroke volume, or peak cardiac index after 

101,102activity or pharmacological stress.  They additionally 
involve the mean pulmonary arterial pressure–cardiac 
output slope. The mean pulmonary arterial pressure– 
cardiac output slope in healthy individuals is typically less 
than 1.5 to 2.5 mm Hg·min/L; elderly people tend to have 

22,103-113larger values.
It is significant to remember that frequently employed RV 
systolic performance metrics, such tricuspid annular 
plane systolic excursion (TAPSE) and RVEF, are not direct 
measurements of ventricular contractility, but rather 
markers of ventriculoarterial coupling. This is especially 

65important in PAH because of elevated contractility.  
Furthermore, as TAPSE predominantly evaluates annular 

plane motion, which could be more influenced, changes 
in RVEF may not necessarily be reflected in the reduction 

114in TAPSE following cardiac surgery.

Prediction of Outcomes in Patients with 
Pulmonary Arterial Hypertension: The 
Importance of the Right Heart

A great deal of research has been done on predicting 
outcomes in pulmonary arterial hypertension (PAH) 
utilizing both small-scale investigations that include 

115-123parameters from imaging and large-cohort designs.  
Lifespan in PAH is consistently found to be closely 
associated with the right heart's ability to adjust to 
elevated pressure overload. Investigations on hemody-
namics have shown that cardiac index and right atrial 

7,14,117,118,124pressure are predictive.  The significance of 
tricuspid annular plane systolic excursion, RV myocardial 
performance index, atrial size, and pericardial effusion 
has been brought to light by echocardiographic 

17,125research.  The predictive usefulness of stroke volume 
index, right ventricular ejection fraction, and indexed RV 
end-diastolic and end-systolic volumes is highlighted in 

115,116,122,126magnetic resonance imaging investigations.  
Delayed improvement has been linked to the severity of 
PAH, although its independent prognostic usefulness has 

127not been established.  Recent study data indicates that 
17RV strain can potentially be useful as a predictor.  

Regarding cardiac biomarkers, a great deal of research 
has been done on B-type natriuretic peptide, N-terminal 
B-type natriuretic peptide, and troponin, all of which have 

8,119,128-132been demonstrated to be outcome-predictive.  Of 
particular note are high-sensitivity troponin assays. The 
importance of peak oxygen consumption, right-to-left 
shunting, maximal cardiac index during physical activity, 
and the pulmonary pressure–cardiac output slope is 
highlighted by exercise testing.
Prospectively, new imaging indicators such right atrial 
function, ventricular strain, and myocardial acceleration 
during isovolumic contraction should be the main focus of 

129,30future outcome investigations in PAH.  Furthermore, 
studies should be conducted to validate streamlined 
predicting scores that take into account several right 
cardiac imaging data. The objective of these endeavors is 
to augment the precision of outcome forecasts and 

48,101elevate patient care in PAH.

Management of Right Heart Failure: From 
Pulmonary Vasodilation to Targeted Right 
Ventricular Therapy

Authorized treatments for pulmonary arterial hyperte-
nsion (PAH) cause the right heart to remodel in reverse in 
addition to increasing exercise tolerance and lowering 

133pulmonary vascular resistance.  Vasodilatory or after-
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load-reducing actions are the main mechanisms through 
which this remodelling is mediated. For instance, the 
widely prescribed vasodilator sildenafil may also have 
direct inotropic effects, however it is yet unclear whether 
this will be better for long-term clinical outcomes than 
endothelin receptor blockers. Yet another oral inotropic 
drug, digoxin, has been shown in a limited study to 
provide immediate hemodynamic advantages when 

134administered sporadically for symptoms relief in PAH.
Targeted medicines exclusively for the right heart have 
been the primary topic of recent research. These studies 
usually belong to two groups: new treatments targeted at 
right heart failure (RHF) and drugs shown 'to be helpful in 
left heart failure with a lower ejection fraction. Outcomes 
from research on left heart failure might not be immed-
iately applicable to right heart failure '(RHF) because of 
the embryologic and molecular variations between the 
two hearts. Furthermore, a ventricle under pressure 
overload could react differently from one that is not.
The beneficial effects of bisoprolol and carvedilol on 
ventricular remodelling in PAH have been suggested by 
clinical research; however, in situations of severe PAH 
where contractile reserve is impaired, these advantages 

135,136may not be as great.  According to a limited clinical 
research, capacity for exercise in patients with portopu-
lmonary PAH may be negatively impacted by both 
selective and nonselective beta-blockade. Early research 
indicates that resynchronization therapy may have 
positive effects, and clinical trials are now being 
conducted to investigate these effects. Nevertheless, 
there hasn't been enough research done on the effects of 
angiotensin-converting enzyme inhibitors, angiotensin or 
aldosterone blockers, myosin activators, implantable 
defibrillators, or RV assist device installation on RHF and 

137PAH.
Metabolic regulation has showed potential for innovative 
targeted RV medication therapy. Phase 1 and phase 2 
outcomes of clinical trials using mitochondrial modula-
tors, such as dichloroacetate, are already available. 
However, further research is still needed on stem cell and 
gene treatments that particularly target the right heart in 

138PAH patients.  Three important factors should be 
highlighted while handling acute RHF in patients with 
PAH. Avoid Volume Loading: Volume loading should be 
avoided in patients with increased filling pressures (right 
atrial pressure >10 to 15 mmHg) as it may deteriorate 
ventricular performance by increasing septal shift, 
prolonging the right ventricle, and incorporating perica-
rdial constraint through ventricular interdependence. 
Stop Harmful Cycles: Inotropic or vasopressor support 
should be started as soon as possible to prevent 
hypercapnia or elevated intrathoracic pressure, as well as 
attempts to prevent increasing hypotension and ventr-
icular ischemia. In serious instances, extracorporeal 
membrane oxygenation may be worth considering. 
Decision Regarding Inotrope or Vasopressor: It is still 

uncertain which inotrope or vasopressor is best. Agents 
including levosimendan, norepinephrine, dopamine, and 

2,139-141butamine are frequently employed.

Role of Right Heart Investigation in the 
Development of Novel Pulmonary Arterial 
Hypertension Therapy

It is imperative that novel therapies produced for 
pulmonary arterial hypertension (PAH) undertake 
particular clinical trials for how they impact on the 
pressure-overloaded right heart, since treatments that 
target the pulmonary vasculature can have unexpected 
consequences on the functioning of the heart. Imatinib is 
one such medication that has demonstrated potential in 
treating pulmonary vascular remodelling. Research have 
shown that using it may have cardiotoxic side effects, 
though. The intricacy of medication effects in PAH is 

142-143highlighted by this disparity.  Angiogenesis, apoptosis 
resistance, and cell proliferation characterize the altered 
pulmonary vasculature in PAH, whereas ischemia, 
capillary rarefaction, and cardiomyocyte apoptosis may 
have an impact on the collapsing right ventricle. 
Therefore, to guarantee overall treatment safety and 
effectiveness, any new PAH therapy needs to be 
thoroughly investigated for its advantages as well as its 
possible adverse impacts on the right sided heart.

Future Directions

This paper outlined recent developments in the 
knowledge of right heart failure (RHF) and highlighted a 
number of important areas that require more investi-
gation. Improving the criteria of normal right cardiac 
anatomy and functioning is an essential since it will 
improve therapeutic options and diagnostic accuracy. It is 
essential to look into new genetic, epigenetic, and 
molecular processes connected to RHF in order to 
identify potential treatment targets and enhance current 
treatment strategies. Additionally, since certain patients 
may not respond to the current medications for refractory 
RHF, it is imperative to discover improved techniques for 
controlling this condition. 
Any novel drug must be evaluated for both safety and 
efficacy in a laboratory environment on a right ventricle 
that is overloaded with pressure before moving on to 
clinical trials. In order to give a more thorough evaluation 
of the medication's effect on right heart health, clinical 
studies for pulmonary arterial hypertension (PAH) should 
also include parameters of right heart size and function as 
secondary outcomes. These actions are essential for 
developing more effective therapies and a compre-
hensive knowledge of RHF.

 

Right Heart Adaptation to Pulmonary Arterial Hypertension: Physiology and Pathobiology: A Systematic Review

Pak. J. Chest Med. 2021;27(03)



228

References

1. Chesler NC, Roldan A, Vanderpool RR, Naeije R. 
How to measure pulmonary vascular and right 
ventricular function. In: Proceedings of the Annual 
International Conference of the IEEE Engineering in 
Medicine and Biology Society. New York, NY: IEEE, 
2009: 177–80.

2. Dell'Italia LJ. Anatomy and physiology of the right 
ventricle. Cardiol Clin. 2012;30:167–87.

3. Farber HW, Loscalzo J. Pulmonary arterial hyper-
tension. N Engl J Med. 2004;351:1655–65.

4. Haddad F, Hunt SA, Rosenthal DN, Murphy DJ. 
Right ventricular function in cardiovascular disease, 
part I: anatomy, physiology, aging, and functional 
assess-ment of the right ventricle. Circulation. 
2008;117(11): 1436-48.

5. Champion HC, Michelakis ED, Hassoun PM. 
Comprehensive invasive and noninvasive approach 
to the right ventricle-pulmonary circulation unit: 
state of the art and clinical and research 
implications. Circulation. 2009;120:992–1007.

6. Voelkel NF, Quaife RA, Leinwand LA, Barst RJ, 
McGoon MD, Meldrum DR, et al. Right ventricular 
function and failure: report of a National Heart, Lung, 
and Blood Institute working group on cellular and 
molecular mechanisms of right heart failure. Circ. 
2006;114(17):1883-91.

7. D'Alonzo GE, Barst RJ, Ayres SM, Bergofsky EH, 
Brundage BH, Detre KM, et al. Survival in patients 
with primary pulmonary hypertension: results from a 
national prospective registry. Ann Intern Med. 
1991;115(5):343-9.

8. Benza RL, Miller DP, Gomberg-Maitland M, Frantz 
RP, Foreman AJ, Coffey CS, et al. Predicting survival 
in pulmonary arterial hypertension: insights from the 
registry to evaluate early and long-term pulmonary 
arterial hypertension disease management 
(REVEAL). Circ. 2010;122(2):164-72.

9. Campo A, Mathai SC, Le Pavec J, Zaiman AL, 
Hummers LK, Boyce D, et al. Hemodynamic 
predictors of survival in scleroderma-related 
pulmonary arterial hypertension. Am J Respir Crit 
Care Med. 2010 Jul 15;182(2):252-60.

10. Forfia PR, Fisher MR, Mathai SC, Housten-Harris T, 
Hemnes AR, Borlaug BA, et al. Tricuspid annular 
displacement predicts survival in pulmonary hyper-
tension. Am J Respir Crit Care Med. 2006;174(9): 
1034-41.11. 

11. Gan CT, Lankhaar JW, Westerhof N, Marcus JT, 
Becker A, Twisk JW, et al. Noninvasively assessed 
pulmonary artery stiffness predicts mortality in 

pulmonary arterial hypertension. Chest. 2007;132(6): 
1906-12.

12. Ghio S, Klersy C, Magrini G, D'Armini AM, Scelsi L, 
Raineri C, et al. Prognostic relevance of the 
echocardiographic assessment of right ventricular 
function in patients with idiopathic pulmonary arterial 
hypertension. Int J Cardiol. 2010 Apr 30;140(3):272-8.

13. Ghio S, Pazzano AS, Klersy C, Scelsi L, Raineri C, 
Camporotondo R, et al. Clinical and prognostic 
relevance of echocardiographic evaluation of right 
ventricular geometry in patients with idiopathic 
pulmonary arterial hypertension. Am J Cardiol. 2011 
Feb 15;107(4):628-32.

14. Humbert M, Sitbon O, Chaouat A, Bertocchi M, Habib 
G, Gressin V, et al. Survival in patients with idiopathic, 
familial, and anorexigen-associated pulmonary 
arterial hypertension in the modern management era. 
Circ. 2010;122(2):156-63.

15. Mahapatra S, Nishimura RA, Sorajja P, Cha S, McGoon 
MD. Relationship of pulmonary arterial capacitance 
and mortality in idiopathic pulmonary arterial 
hypertension. J Am Coll Cardiol. 2006;47: 799–803.

16. Raymond RJ, Hinderliter AL, Willis PW, Ralph D, 
Caldwell EJ, Williams W, et al. Echocardiographic 
predictors of adverse outcomes in primary pulmo-nary 
hypertension. J Am Coll Cardiol. 2002;39(7): 1214-9.

17. Sachdev A, Villarraga HR, Frantz RP, McGoon MD, 
Hsiao JF, Maalouf JF, et al. Right ventricular strain for 
prediction of survival in patients with pulmonary 
arterial hypertension. Chest. 2011;139(6):1299-309.

18. Van Wolferen SA, Marcus JT, Boonstra A, Marques 
KM, Bronzwaer JG, Spreeuwenberg MD, et al. 
Prognostic value of right ventricular mass, volume, 
and function in idiopathic pulmonary arterial 
hypertension. Eur Heart J. 2007;28(10):1250-7.

19. Yeo TC, Dujardin KS, Tei C, Mahoney DW, McGoon 
MD, Seward JB. Value of a Doppler-derived index 
combining systolic and diastolic time intervals in 
predicting outcome in primary pulmonary hyper-
tension. Am J Cardiol. 1998;81:1157–61.

20. Haddad F, Doyle R, Murphy DJ, Hunt SA. Right 
ventricular function in cardiovascular disease, part II: 
pathophysiology, clinical importance, and manage-
ment of right ventricular failure. Circ. 2008;117: 
1717–31.

21. Miyamoto S, Nagaya N, Satoh T, Kyotani S, Sakamaki 
F, Fujita M, et al. Clinical correlates and prognostic 
significance of six-minute walk test in patients with 
primary pulmonary hypertension: comparison with 
cardiopulmonary exercise testing. Am J Respir Crit 
Care Med. 2000;161(2):487-92.

22. Provencher S, Herve P, Sitbon O, Humbert M, 

Right Heart Adaptation to Pulmonary Arterial Hypertension: Physiology and Pathobiology: A Systematic Review

Pak. J. Chest Med. 2021;27(03)



229

Simonneau G, Chemla D. Changes in exercise 
haemodynamics during treatment in pulmonary 
arterial hypertension. Eur Respir J. 2008;32:393–8.

23. Nootens M, Wolfkiel CJ, Chomka EV, Rich S. 
Understanding right and left ventricular systolic 
function and interactions at rest and with exercise in 
primary pulmonary hypertension. Am J Cardiol. 
1995;75:374–7.

24. Groepenhoff H, Vonk-Noordegraaf A, Boonstra A, 
Spreeuwenberg MD, Postmus PE, Bogaard HJ. 
Exercise testing to estimate survival in pulmonary 
hypertension. Med Sci Sports Exerc. 2008;40: 
1725–32.

25. Tongers J, Schwerdtfeger B, Klein G, Kempf T, 
Schaefer A, Knapp JM, et al. Incidence and clinical 
relevance of supraventricular tachyarrhythmias in 
pulmonary hypertension. Am Heart J. 2007;153(1): 
127-32.

26. Forfia PR, Mathai SC, Fisher MR, Housten-Harris T, 
Hemnes AR, Champion HC, et al. Hyponatremia 
predicts right heart failure and poor survival in 
pulmonary arterial hypertension. Am J Respir Crit 
Care Med. 2008;177(12):1364-9.

27. Shah SJ, Thenappan T, Rich S, Tian L, Archer SL, 
Gomberg-Maitland M. Association of serum 
creatinine with abnormal hemodynamics and 
mortality in pulmonary arterial hypertension. Circ. 
2008;117: 2475–83.

28. Haddad F, Fuh E, Peterson T, Skhiri M, Kudelko KT, 
Perez VD, et al. Incidence, correlates, and conse-
quences of acute kidney injury in patients with 
pulmonary arterial hypertension hospitalized with 
acute right-side heart failure. J Card Fail. 2011;17 
(7):533-9.

29. Campo A, Mathai SC, Le Pavec J, Zaiman AL, 
Hummers LK, Boyce D, et al. Outcomes of 
hospitalisation for right heart failure in pulmonary 
arterial hypertension. Eur Respir J. 2011;38(2):359-
67.

30. Haddad F, Peterson T, Fuh E, Kudelko KT, de Jesus 
Perez V, Skhiri M, et al. Characteristics and outcome 
after hospitalization for acute right heart failure in 
patients with pulmonary arterial hypertension. Circ 
Heart Fail. 2011;4(6):692-9.

31.  Sztrymf B, Souza R, Bertoletti L, Jais X, Sitbon O, 
Price LC et al. Prognostic factors of acute heart 
fai lure in pat ients with pulmonary arter ial 
hypertension. Eur Respir J. 2010;35(6):1286-93.

32. Kurzyna M, Zyłkowska J, Fijałkowska A, Florczyk M, 
Wieteska M, Kacprzak A, et al. Original article 
Characteristics and prognosis of patients with 
decompensated right ventricular failure during the 

course of pulmonary hypertension. Pol Heart J. 
2008;66(10):1033-9.

33. Hoeper MM, Galie N, Murali S, Olschewski H, 
Rubenfire M, Robbins IM, et al. Outcome after 
cardiopulmonary resuscitation in patients with 
pulmonary arterial hypertension. Am J Respir Crit 
Care Med. 2002;165(3):341-4.

34. Hunt SA, Abraham WT, Chin MH, Feldman AM, 
Francis GS, Ganiats TG, et al. 2009 focused update 
incorporated into the ACC/AHA 2005 Guidelines for 
the Diagnosis and Management of Heart Failure in 
Adults: a report of the American College of 
Cardiology Foundation/American Heart Association 
Task Force on Practice Guidelines: developed in 
collaboration with the International Society for Heart 
and Lung Transplantation. Circ. 2009;119(14).

35. Belenkie I, Smith ER, Tyberg JV. Ventricular 
interaction: from bench to bedside. Ann Med. 
2001;33(4):236-41.

36. Hardziyenka M, Campian ME, Verkerk AO, Surie S, 
van Ginneken AC, Hakim S, et al. Electrophysiologic 
remodelling of the left ventricle in pressure overload-
induced right ventricular failure. J Am Coll Cardiol. 
2012;59(24):2193-202.

37. Nagendran J, Michelakis ED. Mitochondrial NOS is 
upregulated in the hypoxic heart: implications for the 
function of the hypertrophied right ventricle. Am J 
Physiol Heart Circ Physiol. 2009;296–6.

38. Sutendra G, Bonnet S, Rochefort G, Haromy A, 
Folmes KD, Lopaschuk GD, et al. Fatty acid oxidation 
and malonyl-CoA decarboxylase in the vascular 
remodelling of pulmonary hypertension. Sci Transl 
Med. 2010 Aug 11;2(44):44ra58-.

39. Archer SL, Gomberg-Maitland M, Maitland ML, Rich 
S, Garcia JG, Weir EK. Mitochondrial metabolism, 
redox signaling, and fusion: a mitochondria-ROS-
HIF-1alpha-Kv1.5 O2-sensing pathway at the inter-
section of pulmonary hypertension and cancer. Am J 
Physiol Heart Circ Physiol. 2008;294–8.

40. Bogaard HJ, Abe K, Vonk Noordegraaf A, Voelkel NF. 
The right ventricle under pressure: cellular and 
molecular mechanisms of right-heart failure in 
pulmonary hypertension. Chest. 2009;135:794–804.

41. Voelkel NF, Natarajan R, Drake JI, Bogaard HJ. Right 
ventricle in pulmonary hypertension. Compr Physiol. 
2011;1:525–40.

42. Dell'Italia LJ, Walsh RA. Application of a time varying 
elastance model to right ventricular performance in 
man. Cardiovasc Res. 1988;22:864–74.

43. Kuehne T, Yilmaz S, Steendijk P, Moore P, Groenink 
M, Saaed M, et al. Magnetic resonance imaging 

Right Heart Adaptation to Pulmonary Arterial Hypertension: Physiology and Pathobiology: A Systematic Review

Pak. J. Chest Med. 2021;27(03)



230

analysis of right ventricular pressure-volume loops: in 
vivo validation and clinical application in patients with 
pulmonary hypertension. Circ. 2004;110(14):2010-6.

44. Michelakis ED, Wilkins MR, Rabinovitch M. Emerging 
concepts and translational priorities in pulmonary 
arterial hypertension. Circ. 2008;118:1486–95.

45. Tanaka Y, Takase B, Yao T, Ishihara M. Right 
ventricular electrical remodelling and arrhythmo-
genic substrate in rat pulmonary hypertension. Am J 
Respir Cell Mol Biol. 2013;49:426–36.

46. Chung L, Liu J, Parsons L, Hassoun PM, McGoon M, 
Badesch DB, et al. Characterization of connective 
tissue disease-associated pulmonary arterial 
hypertension from REVEAL: identifying systemic 
sclerosis as a unique phenotype. Chest. 2010;138 
(6):1383-94.

47. Oudiz RJ, Midde R, Hovanesyan A, Sun XG, Roveran 
G, Hansen JE, et al. Usefulness of right-to-left 
shunting and poor exercise gas exchange for 
predicting prognosis in patients with pulmonary 
arterial hypertension. Am J Cardiol. 2010;105(8): 
1186-91.

48. Dubin AM, Feinstein JA, Reddy VM, Hanley FL, Van 
Hare GF, Rosenthal DN. Electrical resynchronization: 
a novel therapy for the failing right ventricle. Circ. 
2003;107:2287–9.

49. Handoko ML, de Man FS, Allaart CP, Paulus WJ, 
Westerhof N, Vonk-Noordegraaf A. Perspectives on 
novel therapeutic strategies for right heart failure in 
pulmonary arterial hypertension: lessons from the left 
heart. Eur Respir Rev. 2010;19:72–82.

50. Handoko ML, Lamberts RR, Redout EM, de Man FS, 
Boer C, Simonides WS, et al. Right ventricular pacing 
improves right heart function in experimental 
pulmonary arterial hypertension: a study in the 
isolated heart. Am J Physiol Heart Circ Physiol. 
2009;297(5).

51. Marcus JT, Gan CT, Zwanenburg JJ, Boonstra A, 
Allaart CP, Gotte MJ, et al. Interventricular mecha-
nical asynchrony in pulmonary arterial hypertension: 
left-to-right delay in peak shortening is related to right 
ventricular overload and left ventricular underfilling. J 
Am Coll Cardiol. 2008;51(7):750-7.

52. Mauritz GJ, Vonk-Noordegraaf A, Kind T, Surie S, 
Kloek JJ, Bresser P, et al. Pulmonary endarterectomy 
normalizes interventricular dyssynchrony and right 
ventricular systolic wall stress. J Cardiovasc Magn 
Reson. 2012;14(1):9.

53. Vonk-Noordegraaf A, Marcus JT, Gan CT, Boonstra 
A, Postmus PE. Interventricular mechanical 
asynchrony due to right ventricular pressure overload 
in pulmonary hypertension plays an important role in 

impaired left ventricular filling. Chest. 2005;128: 
628S–30S.

54. Lumens J, Arts T, Marcus JT, Vonk-Noordegraaf A, 
Delhaas T. Early-diastolic left ventricular lengthening 
implies pulmonary hypertension-induced right vent-
ricular decompensation. Cardiovasc Res. 2012;96: 
286–95.

55. Helderman F, Mauritz GJ, Andringa KE, Vonk-
Noordegraaf A, Marcus JT. Early onset of retrograde 
flow in the main pulmonary artery is a characteristic of 
pulmonary arterial hypertension. J Magn Reson 
Imaging. 2011;33:1362–8.

56. Sanz J, Dellegrottaglie S, Kariisa M, Sulica R, Poon 
M, O'Donnell TP, et al. Prevalence and correlates of 
septal delayed contrast enhancement in patients 
with pulmonary hypertension. Am J Cardiol. 2007; 
100(4):731-5.

57. McCann GP, Gan CT, Beek AM, Niessen HW, Vonk 
Noordegraaf A, van Rossum AC. Extent of MRI 
delayed enhancement of myocardial mass is related 
to right ventricular dysfunction in pulmonary artery 
hypertension. AJR Am J Roentgenol. 2007;188: 
349–55.

58. Bessa LG, Junqueira FP, Bandeira ML, Garcia MI, 
Xavier SS, Lavall G, et al. Pulmonary arterial 
hypertension: use of delayed contrast-enhanced 
cardiovascular magnetic resonance in risk assess-
ment. Arq Bras Cardiol. 2013;101:336-43.

59. Shehata ML, Lossnitzer D, Skrok J, Boyce D, 
Lechtzin N, Mathai SC, Girgis RE, et al. Myocardial 
delayed enhancement in pulmonary hypertension: 
pulmonary hemodynamics, right ventricular function, 
and remodelling. Am J Roentgenol. 2011;196(1):87-
94.

60. Frist WH, Lorenz CH, Walker ES, Loyd JE, Stewart 
JR, Graham Jr TP, et al. MRI complements standard 
assessment of right ventricular function after lung 
transplantation. Ann Thorac Surg. 1995;60(2):268-
71.

61. Kramer MR, Valantine HA, Marshall SE, Starnes VA, 
Theodore J. Recovery of the right ventricle after 
single-lung transplantation in pulmonary hyperten-
sion. Am J Cardiol. 1994;73:494–500.

62. Kasimir MT, Seebacher G, Jaksch P, Winkler G, 
Schmid K, Marta GM, et al. Reverse cardiac 
remodelling in patients with primary pulmonary 
hypertension after isolated lung transplantation. Eur 
J Cardiothorac Surg. 2004;26:776–81.

63. Conte JV, Borja MJ, Patel CB, Yang SC, Jhaveri RM, 
Orens JB. Lung transplantation for primary and 
secondary pulmonary hypertension. Ann Thorac 
Surg. 2001;72:1673–9.

Right Heart Adaptation to Pulmonary Arterial Hypertension: Physiology and Pathobiology: A Systematic Review

Pak. J. Chest Med. 2021;27(03)



231

64. Fadel E, Mercier O, Mussot S, Leroy-Ladurie F, 
Cerrina J, Chapelier A, et al. Long-term outcome of 
double-lung and heart–lung transplantation for 
pulmonary hypertension: a comparative retros-
pective study of 219 patients. Eur J Cardiothorac 
Surg. 2010;38:277–84.

65. Guihaire J, Haddad F, Boulate D, Decante B, Denault 
AY, Wu J, et al. Non-invasive indices of right 
ventricular function are markers of ventricular– 
arterial coupling rather than ventricular contractility: 
insights from a porcine model of chronic pressure 
overload. Eur Heart J Cardiovasc Imaging. 2013;14: 
1140–9.

66. Chesler NC, Argiento P, Vanderpool R, D'Alto M, 
Naeije R. How to measure peripheral pulmonary 
vascular mechanics. In: Proceedings of the Annual 
International Conference of the IEEE Engineering in 
Medicine and Biology Society. New York, NY: IEEE; 
2009. p. 173–6.

67. Tedford RJ, Mudd JO, Girgis RE, Mathai SC, Zaiman 
AL, Housten-Harris T, et al. Right ventricular 
dysfunction in systemic sclerosis–associated 
pulmonary arterial hypertension. Circ Heart Fail. 
2013;6:953–63.

68. Saouti N, Westerhof N, Helderman F, Marcus JT, 
Boonstra A, Postmus PE, Vonk-Noordegraaf A. Right 
ventricular oscillatory power is a constant fraction of 
total power irrespective of pulmonary artery pres-
sure. Am J Respir Crit Care Med. 2010;182:1315–20.

69. Saouti N, Westerhof N, Helderman F, Marcus JT, 
Stergiopulos N, Westerhof BE, et al. RC time 
constant of single lung equals that of both lungs 
together: a study in chronic thromboembolic 
pulmonary hypertension. Am J Physiol Heart Circ 
Physiol. 2009;297–60.

70. Lankhaar JW, Westerhof N, Faes TJ, Tji-Joong Gan 
C, Marques KM, Boonstra A, et al. Pulmonary 
vascular resistance and compliance stay inversely 
related during treatment of pulmonary hypertension. 
Eur Heart J. 2008;29:1688–95.

71. Saouti N, Westerhof N, Postmus PE, Vonk-
Noordegraaf A. The arterial load in pulmonary 
hypertension. Eur Respir Rev 2010;19:197–203.

72. Tedford RJ, Hassoun PM, Mathai SC, Girgis RE, 
Russell SD, Thiemann DR, et al. Pulmonary capillary 
wedge pressure augments right ventricular pulsatile 
loading. Circulation. 2012;125(2):289-97.

73. Ryan JJ, Rich JD, Thiruvoipati T, Swamy R, Kim GH, 
Rich S. Current practice for determining pulmonary 
capillary wedge pressure predisposes to serious 
errors in the classification of patients with pulmonary 
hypertension. Am Heart J. 2012;163(4):589-94.

74. Mitchell JR, Doig CJ, Whitelaw WA, Tyberg JV, 
Belenkie I. Volume loading reduces pulmonary 
vascular resistance in ventilated animals with acute 
lung injury: evaluation of RV afterload. Am J Physiol 
Regul Integr Comp Physiol. 2011;300(3).

75. Norton JM. Toward consistent definitions for preload 
and afterload. Adv Physiol Educ. 2001;25(1):53-61.

76. Lumens J, Delhaas T. Cardiovascular modeling in 
pulmonary arterial hypertension: focus on mechan-
isms and treatment of right heart failure using the 
CircAdapt model. Am J Cardiol. 2012;110:39S–48S.

77. Arts T, Lumens J, Kroon W, Delhaas T. Control of 
whole heart geometry by intramyocardial mechano-
feedback: a model study. PLoS Comput Biol. 2012;8.

78. Voelkel NF, Gomez-Arroyo J, Abbate A, Bogaard HJ, 
Nicolls MR. Pathobiology of pulmonary arterial 
hypertension and right ventricular failure. Eur Respir 
J. 2012;40:1555–65.

79. Guihaire J, Bogaard HJ, Flécher E, Noly PE, Mercier 
O, Haddad F, et al. Experimental models of right heart 
failure: a window for translational research in 
pulmonary hypertension. Semin Respir Crit Care 
Med. 2013;34(5):689-99.

80. Bogaard HJ, Natarajan R, Henderson SC, Long CS, 
Kraskauskas D, Smithson L, et al. Chronic pulmonary 
artery pressure elevation is insufficient to explain 
right heart failure. Circulation. 2009;120(20):1951-
60.81. 

81. Watts JA, Marchick MR, Kline JA. Right ventricular 
heart failure from pulmonary embolism: key distinc-
tions from chronic pulmonary hypertension. J Card 
Fail. 2010;16:250–9.

82. Wrigley BJ, Lip GY, Shantsila E. The role of 
monocytes and inflammation in the pathophysiology 
of heart failure. Eur J Heart Fail. 2011;13:1161–71.

83. Tuder RM, Davis LA, Graham BB. Targeting energetic 
metabolism: a new frontier in the pathogenesis and 
treatment of pulmonary hypertension. Am J Respir 
Crit Care Med. 2012;185:260–6.

84. Buckingham M, Meilhac S, Zaffran S. Building the 
mammalian heart from two sources of myocardial 
cells. Nat Rev Genet. 2005;6:826–35.

85. Drake JI, Bogaard HJ, Mizuno S, Clifton B, Xie B, Gao 
Y, et al. Molecular signature of a right heart failure 
program in chronic severe pulmonary hypertension. 
Am J Respir Cell Mol Biol. 2011 Dec;45(6):1239-47.

86. Raizada V, Thakore K, Luo W, McGuire PG. Cardiac 
chamber-specific alterations of ANP and BNP 
expression with advancing age and with systemic 
hypertension. Mol Cell Biochem. 2001;216:137–40.

87. Michaels AD, Chatterjee K, De Marco T. Effects of 

Right Heart Adaptation to Pulmonary Arterial Hypertension: Physiology and Pathobiology: A Systematic Review

Pak. J. Chest Med. 2021;27(03)



232

intravenous nesiritide on pulmonary vascular hemo-
dynamics in pulmonary hypertension. J Card Fail. 
2005;11:425–31.

88. Klinger JR, Thaker S, Houtchens J, Preston IR, Hill 
NS, Farber HW. Pulmonary hemodynamic responses 
to brain natriuretic peptide and sildenafil in patients 
with pulmonary arterial hypertension. Chest. 2006; 
129:417–25.

89. Lowes BD, Minobe W, Abraham WT, Rizeq MN, 
Bohlmeyer TJ, Quaife RA, et al. Changes in gene 
expression in the intact human heart. Downregulation 
of alpha-myosin heavy chain in hypertrophied, failing 
ventricular myocardium. J Clin Invest. 1997;100(9): 
2315-24.

90. Urashima T, Zhao M, Wagner R, Fajardo G, Farahani 
S, Quertermous T, Bernstein D. Molecular and 
physiological characterization of RV remodeling in a 
murine model of pulmonary stenosis. Am J Physiol 
Heart Circ Physiol. 2008;295(3).

91. Nagendran J, Archer SL, Soliman D, Gurtu V, Moudgil 
R, Haromy A, et al. Phosphodiesterase type 5 is 
highly expressed in the hypertrophied human right 
ventricle, and acute inhibition of phosphodiesterase 
type 5 improves contractility. Circulation. 2007;116 
(3):238-48.

92. Nagendran J, Gurtu V, Fu DZ, Dyck JR, Haromy A, 
Ross DB, Rebeyka IM, Michelakis ED. A dynamic and 
chamber-specific mitochondrial remodeling in right 
ventricular hypertrophy can be therapeutically 
targeted. J Thorac Cardiovasc Surg. 2008;136(1): 
168-78.

93. Reddy S, Zhao M, Hu DQ, Fajardo G, Hu S, Ghosh Z, 
et al. Dynamic microRNA expression during the 
transition from right ventricular hypertrophy to failure. 
Physiol Genomics. 2012;44(10):562-75.

94. Ruiter G, Wong YY, de Man FS, Handoko ML, Jaspers 
RT, Postmus PE, et al. Right ventricular oxygen 
supply parameters are decreased in human and 
experimental pulmonary hypertension. J Heart Lung 
Transplant. 2013;32(2):231-40.

95. Rain S, Handoko ML, Trip P, Gan CT, Westerhof N, 
Stienen GJ, et al. Right ventricular diastolic impai-
rment in patients with pulmonary arterial hypert-
ension. Circulation. 2013;128(18):2016-25.

96. Von Haehling S, von Bardeleben RS, Kramm T, 
Thiermann Y, Niethammer M, Doehner W, et al. 
Inflammation in right ventricular dysfunction due to 
thromboembolic pulmonary hypertension. Int J 
Cardiol. 2010;144(2):206-11.

97. Watts JA, Zagorski J, Gellar MA, Stevinson BG, Kline 
JA. Cardiac inflammation contributes to right 
ventricular dysfunction following experimental 

pulmonary embolism in rats. J Mol Cell Cardiol. 
2006;41:296–307.

98. Sanz J, Conroy J, Narula J. Imaging of the right 
ventricle. Cardiol Clin. 2012;30:189–203.

99. Rudski LG, Lai WW, Afilalo J, Hua L, Handsch-
umacher MD, Chandrasekaran K, et al. Guidelines for 
the echocardiographic assessment of the right heart 
in adults: a report from the American Society of 
Echocardiography: endorsed by the European 
Association of Echocardiography, a registered 
branch of the European Society of Cardiology, and 
the Canadian Society of Echocardiography. J Am 
Soc Echocardiogr. 2010;23(7):685-713.

100.Kawut SM, Lima JA, Barr RG, Chahal H, Jain A, Tandri 
H, et al. Sex and race differences in right ventricular 
structure and function: the Multi-Ethnic Study of 
Atherosclerosis–Right Ventricle Study. Circulation. 
2011;123(22):2542-51.

101.Blumberg FC, Arzt M, Lange T, Schroll S, Pfeifer M, 
Wensel R. Impact of right ventricular reserve on 
exercise capacity and survival in patients with 
pulmonary hypertension. Eur J Heart Fail. 2013;15: 
771–5.

102.Lewis GD, Murphy RM, Shah RV, Pappagianopoulos 
PP, Malhotra R, Bloch KD, et al. Pulmonary vascular 
response patterns during exercise in left ventricular 
systolic dysfunction predict exercise capacity and 
outcomes. Circ Heart Fail. 2011;4(3):276-85.

103.Riley RL, Himmelstein A, Motley HL, Weiner HM, 
Cournand A. Studies of the pulmonary circulation at 
rest and during exercise in normal individuals and in 
patients with chronic pulmonary disease. Am J 
Physiol. 1948;152(2):372-82.

104.Fowler NO. The normal pulmonary arterial pressure-
flow relationships during exercise. Am J Med. 
1969;47:1–6.

105.Kovacs G, Olschewski A, Berghold A, Olschewski H. 
Pulmonary vascular resistances during exercise in 
normal subjects: a systematic review. Eur Respir J. 
2012;39:319–28.

106.D'Alto M, Ghio S, D'Andrea A, Pazzano AS, Argiento 
P, Camporotondo R, et al. Inappropriate exercise-
induced increase in pulmonary artery pressure in 
patients with systemic sclerosis. Heart. 2011;97(2): 
112-7.

107.Reeves JT, Linehan JH, Stenmark KR. Distensibility 
of the normal human lung circulation during exercise. 
Am J Physiol Lung Cell Mol Physiol. 2005;288–25.

108.Kovacs G, Maier R, Aberer E, Brodmann M, Scheidl 
S, Hesse C, Troester N, Salmhofer W, Stauber R, 
Fuerst FC, Thonhofer R. Assessment of pulmonary 

Right Heart Adaptation to Pulmonary Arterial Hypertension: Physiology and Pathobiology: A Systematic Review

Pak. J. Chest Med. 2021;27(03)



233

arterial pressure during exercise in collagen 
vascular disease: echocardiography vs right-sided 
hea r t  ca the te r i za t ion .  Ches t .  2010  Aug 
1;138(2):270-8.

109.Argiento P, Chesler N, Mulè M, D'Alto M, Bossone E, 
Unger P, et al. Exercise stress echocardiography for 
the study of the pulmonary circulation. Eur Respir J. 
2010;35(6):1273-8.

110.D'Andrea A, Naeije R, D'Alto M, Argiento P, Golia E, 
Cocchia R, et al. Range in pulmonary artery systolic 
pressure among highly trained athletes. Chest. 
2011;139(4):788-94.

111.Kovacs G, Maier R, Aberer E, Brodmann M, Scheidl 
S, Tröster N, et al. Borderline pulmonary arterial 
pressure is associated with decreased exercise 
capacity in scleroderma. Am J Respir Crit Care Med. 
2009;180(9):881-6.

112.Whyte K, Hoette S, Hervé P, Montani D, Jaïs X, 
Parent F, et al. The association between resting and 
mild-to-moderate exercise pulmonary artery 
pressure. Eur Respir J. 2012;39(2):313-8.

113.Saggar R, Lewis GD, Systrom DM, Champion HC, 
Naeije R. Pulmonary vascular responses to 
exercise: a haemodynamic observation. Eur Respir 
J. 2012; 39:231–4.

114.Tamborini G, Muratori M, Brusoni D, Celeste F, 
Maffessanti F, Caiani EG, et al. Is right ventricular 
systolic function reduced after cardiac surgery? A 
two-and three-dimensional echocardiographic 
study. Eur J Echocardiogr. 2009;10(5):630-4.

115.Hagger D, Condliffe R, Woodhouse N, Elliot CA, 
Armstrong IJ, Davies C, et al. Ventricular mass index 
correlates with pulmonary artery pressure and 
predicts survival in suspected systemic sclerosis-
associated pulmonary arterial hypertension. 
Rheumatology. 2009;48(9):1137-42.

116.Van de Veerdonk MC, Kind T, Marcus JT, Mauritz GJ, 
Heymans MW, Bogaard HJ, et al. Progressive right 
ventricular dysfunction in patients with pulmonary 
arterial hypertension responding to therapy. J Am 
Coll Cardiol. 2011;58(24):2511-9.

117.Thenappan T, Glassner C, Gomberg-Maitland M. 
Validation of the pulmonary hypertension conne-
ction equation for survival prediction in pulmonary 
arterial hypertension. Chest. 2012;141:642–50.

118.Sandoval J, Bauerle O, Palomar A, Gomez A, 
Martinez-Guerra ML, Beltrán M, Guerrero ML. 
Survival in primary pulmonary hypertension. 
Validation of a prognostic equation. Circulation. 
1994;89(4):1733-44.

119.Nagaya N, Nishikimi T, Uematsu M, Satoh T, Kyotani 
S, Sakamaki F, Kakishita M, Fukushima K, Okano Y, 

Nakanishi N, Miyatake K. Plasma brain natriuretic 
peptide as a prognostic indicator in patients with 
primary pulmonary hypertension. Circulation. 2000; 
102(8):865-70.

120.Haeck ML, Scherptong RW, Marsan NA, Holman 
ER, Schalij MJ, Bax JJ, Delgado V. Prognostic value 
of right ventricular longitudinal peak systolic strain in 
patients with pulmonary hypertension. Circ Cardio-
vasc Imaging. 2012;5:628–36.

121.Haeck ML, Scherptong RW, Antoni ML, Marsan NA, 
Vliegen HW, Holman ER, et al. Right ventricular 
longitudinal peak systolic strain measurements from 
the subcostal view in patients with suspected 
pulmonary hypertension: a feasibility study. J Am 
Soc Echocardiogr. 2012;25(6):674-81.

122.Vonk Noordegraaf A, Galie N. The role of the right 
ventricle in pulmonary arterial hypertension. Eur 
Respir Rev. 2011;20:243–53.

123.Van Wolferen SA, Van De Veerdonk MC, Mauritz GJ, 
Jacobs W, Marcus JT, Marques KM, et al. Clinically 
significant change in stroke volume in pulmonary 
hypertension. Chest. 2011;139(5):1003-9.

124.Thenappan T, Shah SJ, Rich S, Tian L, Archer SL, 
Gomberg-Maitland M. Survival in pulmonary arterial 
hypertension: a reappraisal of the NIH risk stratific-
ation equation. Eur Respir J. 2010;35:1079–87.

125.Vonk MC, Sander MH, van den Hoogen FH, van Riel 
PL, Verheugt FW, van Dijk AP. Right ventricle Tei-
index: a tool to increase the accuracy of non-
invasive detection of pulmonary arterial hyperte-
nsion in connective tissue diseases. Eur J Echo-
cardiogr. 2007;8:317–21.

126.Mauritz GJ, Kind T, Marcus JT, Bogaard HJ, van de 
Veerdonk M, Postmus PE, et al. Progressive 
changes in right ventricular geometric shortening 
and long-term survival in pulmonary arterial hype-
rtension. Chest. 2012 Apr 1;141(4):935-43.

127.McCann GP, Beek AM, Vonk-Noordegraaf A, van 
Rossum AC. Delayed contrast-enhanced magnetic 
resonance imaging in pulmonary arterial hyper-
tension. Circulation. 2005;112:115–22.

128.Torbicki A, Kurzyna M, Kuca P, Fijałkowska A, Sikora 
J, Florczyk M, et al. Detectable serum cardiac 
troponin T as a marker of poor prognosis among 
patients with chronic precapillary pulmonary 
hypertension. Circulation. 2003;108(7):844-8.

129.Vélez-Martínez M, Ayers C, Mishkin JD, Bartolome 
SB, García CK, Torres F, et al. Association of cardiac 
troponin I with disease severity and outcomes in 
patients with pulmonary hypertension. Am J 
Cardiol. 2013;111(12):1812-7.

130.Filusch A, Giannitsis E, Katus HA, Meyer FJ. High-

Right Heart Adaptation to Pulmonary Arterial Hypertension: Physiology and Pathobiology: A Systematic Review

Pak. J. Chest Med. 2021;27(03)



234

sensitive troponin T: a novel biomarker for prognosis 
and disease severity in patients with pulmonary 
arterial hypertension. Clin Sci. 2010;119:207–13.

131.Heresi GA, Tang WH, Aytekin M, Hammel J, Hazen 
SL, Dweik RA. Sensitive cardiac troponin I predicts 
poor outcomes in pulmonary arterial hypertension. 
Eur Respir J. 2012;39:939–44.

132.Fijalkowska A, Kurzyna M, Torbicki A, Szewczyk G, 
Florczyk M, Pruszczyk P, et al. Serum N-terminal 
brain natriuretic peptide as a prognostic parameter 
in patients with pulmonary hypertension. Chest. 
2006;129(5):1313-21.

133.Kerbaul F, Brimioulle S, Rondelet B, Dewachter C, 
Hubloue I, Naeije R. How prostacyclin improves 
cardiac output in right heart failure in conjunction 
with pulmonary hypertension. Am J Respir Crit Care 
Med. 2007;175:846–50.

134.Rich S, Seidlitz M, Dodin E, Osimani D, Judd D, 
Genthner D, et al. The short-term effects of digoxin 
in patients with right ventricular dysfunction from 
pulmonary hypertension. Chest. 1998;114(3):787-
92.

135.De Man FS, Handoko ML, van Ballegoij JJ, Schalij I, 
Bogaards SJ, Postmus PE, et al. Bisoprolol delays 
progression towards right heart failure in experi-
mental pulmonary hypertension. Circ Heart Fail. 
2012;5(1):97-105.

136.Bogaard HJ, Natarajan R, Mizuno S, Abbate A, 
Chang PJ, Chau VQ, et al. Adrenergic receptor 
blockade reverses right heart remodeling and 
dysfunction in pulmonary hypertensive rats. Am J 

Respir Crit Care Med. 2010;182(5):652-60.

137.Provencher S, Herve P, Jais X, Lebrec D, Humbert 
M, Simonneau G, Sitbon O. Deleterious effects of β-
blockers on exercise capacity and hemodynamics 
in patients with portopulmonary hypertension. 
Gastroenterol. 2006;130(1):120-6.

138.Haddad F, Ashley E, Michelakis ED. New insights for 
the diagnosis and management of right ventricular 
failure, from molecular imaging to targeted right 
ventricular therapy. Curr Opin Cardiol. 2010;25: 
131–40.

139.Lambermont B, D'Orio V. The role of right ventri-
cular-pulmonary arterial coupling to differentiate 
between effects of inotropic agents in experimental 
right heart failure. Crit Care Med. 2006;34:2864–5.

140.Kerbaul F, Rondelet B, Motte S, Fesler P, Hubloue I, 
Ewalenko P, Naeije R, Brimioulle S. Effects of 
norepinephrine and dobutamine on pressure load-
induced right ventricular failure. Crit Care Med. 2004 
Apr 1;32(4):1035-40.

141.Hoeper MM, Barst RJ, Bourge RC, Feldman J, Frost 
AE, Galié N, Gómez-Sánchez MA, Grimminger F, 
Grünig E, Hassoun PM, Morrell NW. Imatinib 
mesylate as add-on therapy for pulmonary arterial 
hypertension: results of the randomized IMPRES 
study. Circulation. 2013;127(10):1128-38.

142.Ghofrani HA, Morrell NW, Hoeper MM, Olschewski 
H, Peacock AJ, Barst RJ, et al. Imatinib in pulmonary 
arterial hypertension patients with inadequate 
response to established therapy. Am J Respir Crit 
Care Med. 2010;182(9):1171-7.

Right Heart Adaptation to Pulmonary Arterial Hypertension: Physiology and Pathobiology: A Systematic Review

Pak. J. Chest Med. 2021;27(03)


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13

